Interpretation -Women have a higher risk of atypical femoral fracture than men. The type of bisphosphonate used may affect risk estimates and the risk decreases rapidly after cessation.
Background and purpose -Use of bisphosphonates in women is associated with higher risk of atypical femoral fractures. The risk in terms of timing of use and type of bisphosphonate, and in men, remains unclear.
Patients and methods -We reviewed radiographs of 5,342 Swedish women and men aged 55 years or more who had had a fracture of the femoral shaft in the 3-year period 2008-2010 (97% of those eligible), and found 172 patients with atypical fractures (93% of them women). We obtained data on medication and comorbidity. The risk of atypical fracture associated with bisphosphonate use was estimated in a nationwide cohort analysis. In addition, we performed a case-control analysis with comparison to 952 patients with ordinary shaft fractures. A short report of the findings has recently been presented (Schilcher et al. 2014a ). Here we provide full details.
Results -The age-adjusted relative risk (RR) of atypical fracture associated with bisphosphonate use was 55 (95% CI: 39-79) in women and 54 (CI: 15-192) in men. In bisphosphonate users, women had a 3-fold higher risk than men (RR = 3.1, CI: 1.1-8.4). Alendronate users had higher risk than risedronate users (RR = 1.9, CI: 1.1-3.3). The RR after 4 years or more of use reached 126 (CI: 55-288), with a corresponding absolute risk of 11 (CI: 7-14) fractures per 10,000 person-years of use. The risk decreased by 70% per year since last use.
Interpretation -Women have a higher risk of atypical femoral fracture than men. The type of bisphosphonate used may affect risk estimates and the risk decreases rapidly after cessation.

In efficacy trials, bisphosphonates have reduced the risk of osteoporotic fractures. However, recent studies (Schilcher and Aspenberg 2009 , Dell et al. 2012 , Meier et al. 2012 , although not all (Feldstein et al. 2012 , Gedmintas et al. 2013 , have found a strong and duration-dependent association between bisphosphonate use and atypical fractures of the femoral shaft. We have already analyzed cessation of use and found that the risk decreased rapidly after stopping treatment (Schilcher et al. 2011 ). This time dependency may be because bisphosphonates increase the risk of atypical fracture by impairing the healing of naturally occurring bone microcracks (Schilcher et al. 2011 , Ettinger et al. 2013 . However, concerning the change in risk after cessation, the numbers in our previous publication were small and the finding needed confirmation.
Whether men also have a higher risk of atypical femoral fracture when using bisphosphonates is unclear. Ordinary stress fractures in athletes may occur more frequently in women due to a narrower bone (Seeman 2008) : the bending strength of the femoral shaft is proportional to the third power of the radius. In addition, women tend to have a higher prevalence of microcrack accumulation (Seeman 2008) . Thus, bisphosphonate use may mean a higher risk of atypical fracture in women than in men. Moreover, bisphosphonates with different dose regimens and pharmacodynamic properties may give different risks of atypical fracture (Ebetino et al. 2011) .
To better understand how bisphosphonate use and risk of atypical fracture are related to timing of use, sex, age, and the type of bisphosphonate, we have now extended our previous nationwide study (Schilcher et al. 2011) , and also included men. Clinical decision-making can be improved with better knowledge of the extent of possible harm, as evaluated in a population-based study. A short report of the findings has recently been presented (Schilcher et al. 2014a) .
Methods

Study population
We performed a nationwide retrospective analysis of all patients, 55 years of age or older, who were admitted to any hospital in Sweden because of a fractured femur (ICD-10 diagnosis codes S720 to S724) according to the Swedish National Patient Register. The positive predictive value in the Patient Register ranges from 85% to 100% depending on the diagnosis (Ludvigsson et al. 2011) . The accuracy of coding of lower extremity fractures in general is also high (96% to the third position of the ICD code) (Bergstrom et al. 2011 ). The study period was extended beyond 2008: from January 1, 2008 through December 31, 2010. In the 2008 study, only women were considered (Schilcher et al. 2011) . During the 3-year period, 38,747 women and 11,578 men with a fracture of the femur were identified (Figure 1 ). Of these, 5,694 patients (4,446 women and 1,248 men) had a femoral subtrochanteric or shaft fracture (ICD-10 code S722 or S723). Patients with multiple femoral fractures during the study period, ipsilateral or bilateral, were only considered for their first fracture event.
Patients with injuries and ICD-10 V-diagnosis codes associated with motor vehicle accidents and patients with falls from higher than standing height were not included. Thus, 5,475 patients remained. Digitized radiographs from 5,342 patients (97%) were obtained from 76 hospitals. The remaining 133 patients were excluded because the quality of the radiographs was insufficient or because radiographs were not available.
Classification of fractures
Patients with subtrochanteric or shaft fractures, according to the National Swedish Patient Register, were categorized into 3 groups after individual radiographic review by VK, who was blinded regarding patients' previous drug history and comorbidities. The first group included 172 patients with atypical shaft fractures according to the revised criteria from the American Society of Bone and Mineral Research task force (transverse on the lateral side and with focal cortical thickening (callus formation) at the fracture site (Schilcher 2013 , Shane et al. 2014 . The femur showed no signs of previous surgery and the fracture was not pathological. In contrast to the classification in the Swedish 2008 study (Schilcher et al. 2011) , intermediate fragments were allowed but not fracture comminution. The second group included 952 patients with common shaft fractures that were relevant for comparison with atypical fracture cases. None of the common shaft fractures were transverse on the lateral side. There were no implants or pathological fractures. The third group included 4,218 patients with fractures that were not relevant for comparison with atypical fractures (Figure 1 ).
Before retrieval of registry information, a sample of 50 atypical fractures and 50 control fractures was randomly selected for reclassification. JS, who performed the reclassification, was not informed about patient background characteristics and the previous categorization. A kappa value of 0.96 was achieved.
Registry information
After fracture classification, data on drug use, comorbidities, and previous medical history were obtained from registries of the Swedish National Board of Health and Welfare.
The Swedish Prescription Register contains data on all prescriptions dispensed to the entire Swedish population from July 2005 onward. The drugs are normally dispensed every third month. The total duration of use was calculated as the difference between the first day of dispensing and the last day of dispensing plus 3 months, excluding gaps in treatment.
Discharge diagnoses were collected from the Swedish National Patient Register, from 1987 onwards. For outpatients, data from 2001 and onwards were collected. All diagnoses were included: primary and secondary diagnoses as well as inpatient and outpatient data. Detailed information about the registries can be found in our previous article (Schilcher et al. 2011) . Complete linkage between the registries is possible through the use of the personal identification number provided to all Swedish citizens.
Statistics
Cohort study-According to data from Statistics Sweden, on average 1.54 million women and 1.35 million men over 55 years of age lived in Sweden between 2008 and 2010. Of these, approximately 85,300 women and 12,900 men used bisphosphonates. Age (5-year strata) and sex-stratified incidence proportions of atypical fractures were calculated for patients who received bisphosphonates and for those with no reported use of bisphosphonates. These calculations were used to estimate both the age-adjusted RR and the absolute risk (together with 95% confidence intervals (CIs)) of atypical fracture in women and men (Greenland and Rothman 2008) . The risk with duration of use in women was estimated in categories (< 1 year, 1-1.9 years, 2-2.9 years, 3-3.9 years, and ≥ 4 years). Moreover, the age-adjusted RR for women compared to men was calculated for patients on bisphosphonates and for those who were not. In addition, the age-adjusted risk in alendronate users was compared with the risk in risedronate users.
Case-control study-Patients with atypical fractures (cases) were compared with 952 control patients with ordinary shaft fractures. All drug exposures were analyzed in relation to the date of fracture. Use of any type of bisphosphonate before the fracture and use by type of bisphosphonate were considered. The total duration of bisphosphonate use was estimated according to defined daily doses from the first registered prescription to the last prescription or to the date of fracture, whichever came first, and excluding periods of non-use. Duration of "ever use" was analyzed as a continuous variable. Additionally, duration of current bisphosphonate use was considered in categories (< 1.0 year, 1-1.9 years, 2-2.9 years, 3-3.9 years, and 4-4.9 years). In this particular analysis, we excluded patients with first-time use between July and October, 2005, thereby reducing the possibility of erroneously registering previous users as first-time users.
The time since last use was treated as a continuous variable. The use or non-use of systemic glucocorticoids, estrogenreplacement therapy, selective estrogen-receptor modulators, antiepileptic drugs, antidepressants, or proton-pump inhibitors was identified from the National Prescription Register. Comorbidities, diagnosed between 1987 and the date of fracture, were identified by ICD-10 codes from the Patient Register. This information was used to calculate the Charlson comorbidity index according to the original description (Charlson et al. 1987) . ICD-10 codes (Quan et al. 2005) for indexation are given in Table 1 (see Supplementary data). Odds ratios with 95% confidence intervals (CIs), used as measures of association for the RR of atypical fracture with bisphosphonate use, were calculated by means of unconditional logistic regression using the PROC GENMOD procedure in SAS version 9.4. Age-and sex-adjusted odds ratios (with age as a continuous variable) and odds ratios additionally adjusted according to glucocorticoid use (dichotomous) and the Charlson score (a continuous variable) were estimated. Year of investigation was included in the model as a frailty component by generalized estimating equations, using the PROC GENMOD procedure to handle year-specific dependencies. We also performed stratified analyses according to previous fracture (yes or no), age (< 80 years or > 80 years), the use or non-use of glucocorticoids, and the use or non-use of proton-pump inhibitors.
Ethics
The study was approved by the regional ethics review board in Linköping (2011/358-31) .
Results
Cohort study
Of the female case patients, 81% (130 women) had used some kind of bisphosphonate, while only 4 of the 12 male patients had. This can be compared to the population prevalence of bisphosphonate use of 5% in women and 1% in men. These proportions gave an overall age-adjusted RR of 55 (CI: 39-79) for women and 54 (CI: 15-192) for men (Table 2) . For women, the higher risk was already evident after 1 year of use, but increased for every year of use and reached 126 (CI: 55-288) after 4 or more years (Figure 2 ). This corresponded to an increase in absolute risk for bisphosphonate users of 11 (CI: 7-14) fractures per 10,000 patient-years. In women younger than 80 years of age with use for 4 or more years, the age-adjusted RR was 100 (CI: 40-253) and the absolute risk was 10 (CI: 5-15) per 10,000 patient-years of treatment. The corresponding RR in older women (≥ 80 years) was 163 (CI: 39-687), with an absolute risk of 11 (CI: 7-16) per 10,000 patient-years.
In both non-users and users of bisphosphonates, the ageadjusted relative risk was higher for women than for men, with an RR of 2.3 (CI: 1.0-5.3) in non-users and an RR of 3.1 (CI: 1.1-8.4) in users. In women, the mean absolute increase in risk with bisphosphonate use was 5 per 10,000 (CI: 4-6) patientyears. In men, it was 2 per 10,000 (CI: 0-3) patient-years.
In bisphosphonate users, the majority of atypical femoral fractures (120 patients) were associated with alendronate use, while 16 patients had used risedronate. Compared to risedronate users, alendronate users had a 2-fold higher age-adjusted risk of an atypical fracture (RR = 1.9, CI: 1.1-3.3).
Case-control study
Case patients were generally younger than controls. Patients with atypical fractures had been less frequently diagnosed with endocrine, neurological, and psychiatric disorders. Irrespective of fracture type, bisphosphonate users had more frequent use of corticosteroids and estrogens, and a more frequent diagnosis of osteoporosis (Table 3) .
Bisphosphonates were used in 78% (including both women and men) of the case patients and in 12% of the controls. This relationship led to a multivariable-adjusted odds ratio of 26 (CI: 18-38). The corresponding multivariable-adjusted odds ratios for women and men were 29 (CI: 20-41) and 19 (CI: 9-36) ( Table 4) . A direct comparison of bisphosphonate users revealed a higher odds of an atypical fracture for women than for men (multivariable-adjusted odds ratio = 3.6, CI: 2.5-5.3). This estimate was not attenuated after additional adjustment for duration of bisphosphonate use (OR = 4.2, CI: 1.7-10).
The odds ratio for atypical fracture with alendronate use was 36 (CI: 28-46), and it was 13 (CI: 6-26) with risedronate use. Total duration of use was similar for alendronate users and for risedronate users (mean difference = 31 days, CI: 48-211 days). Etidronate and zolendronate were used by 13 and 2 control patients, respectively, but none of etidronate or zolendronate users developed an atypical femoral fracture during the study period. Ibandronate was used by 2 patients with atypical femoral fracture, but none of the controls used it.
The odds of atypical femoral fracture increased with duration of treatment (multivariable-adjusted odds ratio = 2.5, CI: 2.0-3.1 per year of use) (Table 4) . Even during the first years of treatment, the multivariable-adjusted odds ratio verged toward an increased risk. After 4-5 years of treatment, the multivariable-adjusted odds ratio had increased to 116 (CI: 58-234). The risk of fracture decreased rapidly after cessation of treatment. A reduction in risk of 70% occurred with every year passed since last use (multivariable-adjusted odds ratio = 0.31, CI: 0.27-0.35). The odds of having an atypical fracture associated with bisphosphonate use were higher in patients with no previous fracture than in patients with a previous fracture (p-value for homogeneity = 0.02), whereas small differences in odds ratios were detected between categories of other potential effect modifiers (Table 5 , see Supplementary data).
Discussion
We found a strong time dependency between bisphosphonate use and atypical fractures. The risk increased steadily with longer duration of treatment and decreased rapidly after cessation of treatment. Women appeared to be more vulnerable regarding bisphosphonates. In this context, the long disputed relationship between smoking and lung cancer springs to mind (Talley et al. 2004 ). Smoking, a main established cause of small cell and non-small cell lung cancer, contributes to 80% and 90% of lung cancer deaths in women and men (U.S. Department of Health and Human Services 2004) . Men who smoke are 23 times more likely to develop lung cancer. Women are 13 times more likely than never-smokers (U.S. Department of Health and Human Services 2004). Nonetheless, RCTs on cessation of smoking have shown no benefit regarding mortality (Rose and Hamilton 1978) . The current state of evidence for the link between bisphosphonates and atypical fractures has striking similarities, although no one would nowadays dispute that smoking is a cause of lung cancer. , and provides complete national data on individuals exposed to dispensed drugs in the Swedish population; the drugs are normally dispensed every third month. NA: not applicable.
atypical femoral fracture, and alendronate use conferred a higher risk than risedronate use.
The rapid decrease in risk after cessation supports the theory that bisphosphonates cause atypical fractures by hampering the targeted remodeling of bone sites damaged by microcracks (Schilcher et al. 2011) . Bisphosphonates in the circulation after dosing will localize at these sites. When dosing ceases, the effects on these sites will diminish, and crack growth can be stopped by localized resorption and remodeling (Schilcher 2013) . This challenges the pathogenetic theory of increased general brittleness as a main cause of atypical fractures (Odvina et al. 2005) . Even if ongoing use were the only risk factor, the risk cannot be expected to disappear instantly after cessation of treatment. Incomplete atypical fractures show slow healing even after cessation of bisphosphonate use, and they can remain undiagnosed for months until they lead to complete fracture and diagnosis (Kharazmi et al. 2014 , Schilcher et al. 2014b ). The risk after cessation could, at least in part, reflect delayed presentation of pre-cessation conditions: the bisphosphonate-associated risk would disappear first when all incomplete factures have become diagnosed or complete.
The association between bisphosphonate treatment and atypical fractures of the femur has now been shown in several observational studies with similar methodologies, and is supported by the current findings. Conflicting results in some studies can largely be explained by differences in the radiographic definition of atypical fractures (Feldstein et al. 2012 , Rydholm 2012 and lack of statistical power (Black et al. 2010) . In spite of the strong and most likely causative association between bisphosphonates and atypical fractures, 22% of the patients suffering from an atypical femoral fracture had never used The higher risk of atypical fractures in women than in men cannot be explained by differences in prescription rates or age. It may be related to differences in mechanical stress: women have a narrower bone and a broader pelvis, which both increase the stress in the lateral femoral cortex. Differences in stress might at least partly explain the higher burden of microcrack accumulation with increasing age in women than in men, and therefore their higher susceptibility to fatigue fracture (Norman and Wang 1997) .
Risedronate was associated with a lower risk of atypical fracture than alendronate. This could be explained by different potency in relation to the recommended dose, and therefore might not influence the risk-benefit ratio. Risedronate has a lower affinity for the mineral (Ebetino et al. 2011) , which results in a more even distribution in bone, shorter half-life, and a weaker effect on remodeling (Rosen et al. 2005) . Differences in duration of use did not appear to explain the difference in risk associated with alendronate and risedronate use.
The risk of atypical femoral fracture increased steadily during the 5-year observation time. Dell et al. (2012) were able to show a steady increase in risk up until 10 years of treatment. The dramatic increase in risk of atypical fracture with longer duration of treatment has no corresponding decrease in risk of ordinary fracture over time. The risk-benefit ratio is quite favorable at the start of treatment in patients with a good indication, but prolongation beyond 5 years might not further reduce the absolute risk of ordinary fractures, as concluded by the U.S. Food and Drug Administration (Whitaker et al. 2012 )-a conclusion that has been partly contested by some researchers in the field . If there is no further risk reduction by prolongation, the risk-benefit ratio for prolongation after 5 years would be inverted: a risk for no gain. We have presented data on the increase in absolute risk of atypical fracture by prolonging treatment. Unfortunately, there are no published data available on the corresponding change in benefit. Such data would enable an estimation of the risk-benefit ratio pertaining to a decision to prolong treatment for another year. However, as such estimations only consider the year in question, they could underestimate the reasons for stopping bisphosphonate treatment, because the preventive effect is likely to last several years after cessation, whereas the risk of atypical fractures decreases rapidly (Figure 3 ). It may never be possible to acquire sufficient data to exactly specify the optimal duration of treatment, especially as this is dependent on the strength of the indication.
In efficacy trials, bisphosphonates have reduced the risk of vertebral and non-vertebral fractures in women (< 80 years of age) with pre-existing vertebral fractures and osteoporosis (T-score < −2.5), in those with osteoporosis, and in those with a previous hip fracture ( Lyles et al. 2007, Sambrook and Cooper 2006) . Efficacy data for a reduction in clinical fracture risk by bisphosphonates in women with osteopenia (T-score between −1 and −2.5) or normal BMD (Cummings et al. 1998 , Wells et al. 2008a and in male patients (Valimaki et al. 1994 ) are meager or lacking. In addition, the population-based effectiveness of oral bisphosphonate therapy for the prevention of fractures in both women and men in clinical practice remains unclear (Feldstein et al. 2009, Sim Ie and Ebeling 2013) , partly due to uncertainties surrounding optimal duration of use (Whitaker et al. 2012) , differential age effects (Eastell et al. 2011) , and low compliance (Silverman et al. 2011) . Thus, with an unclear or weaker benefit-as with women older than 80 years (Curtis et al. 2008 , Inderjeeth et al. 2009 or with a T-score above −2.5 SD (Wells et al. 2008 )-the risks might outweigh the benefit.
The present study was based on a large population and on registries with high validity. The combination of registry data and review of individual radiographs made it possible to identify atypical femoral fractures and therefore to make risk calculations reliable. Information on individual prescriptions from registry data only became available from July, 2005, thus limiting the maximum measurable duration of bisphosphonate exposure to 5 years. To account for possible misclassification in the onset and duration of bisphosphonate use, we also performed a separate sensitivity analysis in the case-control study, where only patients with first-time drug dispensing at least 2 years after the start of the drug registry were included. We found a similar risk of atypical femoral fractures after 1 or 2 years of treatment (unpublished data) compared to the estimates based on analysis without data restriction.
We were not able to correct for compliance issues. Longterm adherence is generally low with bisphosphonate treatment. However, it is unlikely that patients would not have used the drug when it was dispensed continuously for several years. Collection without actual use of the drug would have led to an underestimation of the risk. Measurements of bone mineral density were not available. We limited the radiographic review to fractures registered as shaft or subtrochanteric fractures. Some ordinary shaft fractures and atypical femoral fractures may have been misdiagnosed and registered with other diagnostic codes, making them inaccessible for our analy- sis. Some confidence intervals were wide, making estimates in these specific duration-of-use categories less precise. We adjusted for several previously suggested covariates, although residual confounding is a possibility (but generally leading to conservatively biased estimates-given our design with non-differential assessment of exposure and covariate information). Genetic selection bias or individual vulnerability regarding atypical fractures is another possibility. There may be individuals in the population with a special, perhaps genetically determined, increased risk of atypical fractures, but such a risk profile has not yet been identified. The study was limited to individuals in a northern European country, and generalizability therefore might be limitied.
The risk of atypical femoral fracture has previously been thought to be associated with the use of glucocorticoids (Girgis et al. 2010 ) and proton-pump inhibitors (Giusti et al. 2010 , Ing-Lorenzini et al. 2009 ). We found the association between bisphosphonate use and atypical fractures to be independent of these drugs. The treatment indications are linked, as glucocorticoid treatment is an indication for bisphosphonate use and proton-pump inhibitors may be prescribed due to gastrointestinal side effects of the bisphosphonate.
Bisphosphonates are effective in the primary prevention of symptomatic fragility fractures during the first few years of use in female patients with osteoporosis who are less than 80 years of age. Prolongation of bisphosphonate treatment, however, does not appear to improve the initial benefit any further, but the risk of atypical femoral fracture increases with every year of use. Bisphosphonate treatment should therefore be limited, regarding both treatment duration and indication for treatment. Tables 1 and 5 are available at Acta's website (www.actaorthop.org), identification number 7825.
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